Despite the relatively high computational demand, the early wave equation based prestack depth migration approaches were adequate and valuable, in many geologic situations.Meanwhile, acquisition methods improved, providing enhanced azimuthal sampling for marine steamer surveys and further challenges for the imaging algorithms.
Introduction
The challenge for waveform inversion is to produce an improved velocity model that can be used to predict seismic data that more closely resemble the acquired, observed data and to demonstrate that the updated velocity model is a better representation of the true model than that derived by various model-building methods. The full-waveform inversion based on the finite-difference approach was originally introduced in the time-space domain (Tarantola, 1984; Gauthier et al., 1986; Crase et al., 1990 Crase et al., , 1992 Pica et al., 1990; Sun and McMechan, 1992) . The full-waveform inversion described in this paper is solved by an iterative local, linearized approach using a gradient method (Tarantola, 1987) . At each iteration, the residual wavefield (the difference between the observed data and the wavefield predicted by the starting model) is minimized in a leastsquares sense. The process is iterated non-linearly by using the updated model from the previous iteration for the subsequent iteration. The inverse problem can also be implemented in the frequency domain (Pratt et al., 1998; Pratt and Shipp 1999; Ben-Hadj-Ali et al., 2008) . The seismic data are decomposed through a Fourier transform into monochromatic wavefields that permits the inversion to be performed using a limited set of discrete frequency data components at a time. The inversion proceeds from low-to high-frequency components to insert progressively higher wave numbers into the velocity model. A single frequency is equivalent to a sinusoidal component in the time domain (Sirgue and Pratt, 2004) . When a range of frequencies is used, the frequency-domain method is equivalent to the time-domain method when using the same range of frequencies. Full-waveform inversion can be performed either in the frequency or time domain. Although, if 3D is targeted, the time domain is more feasible than the frequency domain. The forward modeling and the wavefield back propagation are relatively fast in the time domain where solutions can be extended to the shot profile or plane-wave domain. When tens of iterations are required to derive subsurface velocity structures, a rapid propagation and modeling algorithm should be used as the core of the inversion.
Method
Time-domain forward modeling uses a higher-order staggered-grid finite-difference approximation of the acoustic wave equation
, (1) where P (x,y,z,t) is the pressure field, (x,y,z) is the density, V(x,y,z) is the interval velocity, and S(x,y,z,t) is the source. Denote P(x r ,y r ,z r ,t) the pressure data record at locations x r . The velocity is determined by minimizing the misfit function
where P obs is the observed data and P cal is the data calculated using equation 1 with the current velocity and density model. E is minimized iteratively by calculating the gradient or steepest-descent direction (Tarantola, 1984) at iteration n by where P f is the forward-propagated source wavefield and P b is the wavefield using reversetime propagation of the residuals (P obs -P cal ) acting as if they were sources at the receiver locations. Both wavefields are propagated using the current velocity and density fields.
The velocity is updated using ,
where  is a step length. The step length may be a linear estimate or a line search method may be used. In this case, the steepest decent method is described. Other methods can be used including preconditioned conjugate gradient and Gauss-Newton methods. 
Examples and discussions
The synthetic and the field examples are salt related to address Gulf of Mexico imaging issues where forward modeling and reverse-time migration are commonly used to verify and/or enhance the migrated images. For the synthetic data, the SMAART Pluto data set was used, while for the seismic experiment, a 3D wide-azimuth (WAZ) data set was used.
SMAART Pluto 1.5
The original Pluto 1.5 data set from SMAART was produced using an elastic finite-difference algorithm with a V p , V s, and a density model that is typical of the Gulf of Mexico. Our research determined that we get better results if an absorbing boundary is used on all sides of the finite-difference grid. Thus, the free surface multiples should be removed, using for st EAGE Conference & Exhibition -Amsterdam, The Netherlands, 8 -11 June 2009 example, SRME prior to performing the inversion. To simplify the process, we regenerated the synthetic data set without the free surface multiples using the pressure velocity field and the density with a 40-Hz. maximum-frequency Ricker wavelet. The modeling geometry of the source and receivers is the same as the original modeling. All waveform inversions using a gradient method should provide a long-wavelength velocity model that is within half a period of the dominant wavelength to help prevent convergence to a local minimum. Inversion proceeded in three scale steps with the output inverted velocity from one step used as input to the next step. The first low-frequency step ranged from 0 to 13 Hz. The second middle frequency step ranged from 0 to 18 Hz. The final frequency range was from 0 to 24 Hz. The starting velocity model was a linear velocity gradient with a smoothed salt body. The water bottom is assumed to be known, and thus, the water layer contains a constant for the velocity and density. A total of fifty iterations were performed. The true velocity is shown in Figure 1 left, which should be compared with the inversion results shown in Figure 1 right. The vertical comparison at a selected CDP location is seen in Figure 2 .
Field data study
The 3D field marine data set is typical of the Gulf of Mexico. Free-surface multiples have been removed using an SRME algorithm. The source wavelet was derived using the near offsets at the water bottom and computed a shaping filter to transform the data to a maximum frequency 40-Hz Ricker wavelet. The inversion was executed on about 220 mi 2 of wideazimuth data. Prior to the inversion, the WAZ data were transformed to supershots to significantly reduce the number of shots across the survey. Due to the significant crossline offset and the reduced number of shots, the waveform inversion was performed in shot-gather domain. The starting velocity model has some initial knowledge of the salt body from the traditional model building flow. Because of uncertainties in the interpretation, although, significant smoothing was applied to this velocity representation as shown in Figure 3 left. The first 10 iterations were carried out in the frequency band of 0 -7 Hz to capture the lowfrequency component of the earth model as shown in Figure 3 right. The big guns and the single-receiver arrays used during acquisition allow us to use very valuable frequencies of about 3 Hz in the recorded data for the inversion process. The other advantage of the WAZ data acquisition is better illumination, which is another essential need for successful waveform inversion. During the iterations, a line search was used to aid faster convergence. This method optimizes the magnitude of the update that is proportional to the gradient. 
Conclusion
When considering a desirable inversion for a 3D project, the above issues must be considered. For the time-domain method, the number of shots and the number of time steps becomes a factor. However, this method can be easily run in parallel on commodity hardware.
For the frequency-domain method, a solver-based approach may not be feasible to execute on present computer architectures. In mature exploration areas such as the Gulf of Mexico, there are fairly good velocity fields derived through typical PSDM workflows that can help us create a relatively good starting velocity volume to bridge the possible lack of low frequencies in the acquired data. Promising new data collection methods can extend the low-frequency part of the spectrum by a few Hz, which could help the inversion process. If the number of iterations can be kept within a reasonable range, 3D inversions are feasible on the latest hardware configurations. If the human component (interpretation and/or image gather analysis) of the PSDM processing sequence could be eased and the subjective human decision could be augmented by fullwaveform inversion, then it has its place in the modern imaging workflow.
